With recent climate change measurements, interest in acoustic propagation in the Arctic Ocean is being renewed. An approach is presented to permit efficient computation of the waterborne acoustic field in the presence of sea ice. The range-dependent wide-angle parabolic equation (PE) is used to model the acoustic field with a lower-density layer (ice) placed above the ocean and seafloor. The ice layer is characterized by its thickness, compressional speed, density, and attenuation. Acoustic loss due to sea ice is primarily driven by conversion to shear waves, and in this model the effect will be approximated by volume attenuation within the ice layer. Rough interface scattering at the air-ice and ice-water interfaces will be handled by generating range-dependent realizations from a data-derived ice thickness model. An inversion for ice parameters is conducted by matching the multiple frequency Transmission Loss (TL) measurements of Diachok (Diachok, 1976) . The predicted frequency dependence of propagation (TL) and impulse responses is presented.
The primary motivation for this work is to determine optimal frequency/bandwidth parameters for an under-ice acoustic navigation system for remotely sampling Autonomous Underwater Vehicles (AUVs). In order to perform this study with confidence, a model with approximate treatment of the Transmission Loss (TL) as a function of frequency and an accurate treatment of the affect of rough sea-ice scattering is required (ray-identification and reverberation). Normal mode models can accurately include roughness and shear as attenuation, but coupled mode approaches are required to accurately determine the impulse response.
Wavenumber integration techniques (Schmidt, 1987) also include all of the important physics, but to extend them to range-dependent propagation out to ranges of 400 km at frequencies up to 1 kHz is prohibitive. The Parabolic Equation (PE) has long been used for range-dependent propagation in underwater acoustics because of its accurate treatment of range dependence (including rough surface and seafloor scattering) and its efficiency. Shear wave PE models do exist (Collins et al., 1995; Goh et al., 1997; Collis et al., 2009 ), but they are unstable and inefficient and have not been focused on the under-ice propagation problem. The challenge of incorporating shear into the thin ice cover has not been solved analytically or computationally. In order perform the frequency/bandwidth trade-off a fluid-fluid PE model has been developed where the acoustic properties of the ice have been adjusted to match measured TL.
UNDER-ICE FLUID-FLUID PARABOLIC EQUATION MODEL
A recent recoding (PEREGRINE) in C of the Split-step Pade Parabolic Equation (PE) Range-dependent Acoustic Model, RAM (Collins, 1993) , has permitted the inclusion of arbitrary range-dependent sediments and surface layers within the PE solution. This also includes an ocean wave induced sea-surface following the methodology of Rosenberg (Rosenberg, 1999) . The PEREGRINE model can place a realization of an ice layer, with the spatial resolution of the PE step-size, on top of a range-dependent ocean, bathymetry and arbitrary sediment. The ice thickness is a realization of a random draw from an input probability density function (pdf) of ice thickness. The air-ice boundary is computed by computing the buoyancy of the ice layer and is rough with 10% the extent of the ice-water roughness.
The high-angle PE model will accurately capture forward scattering effects due to ice roughness on very short spatial scales. The PEREGRINE PE model is a fluid-fluid model and is not expected it to capture the shear loss or the re-conversion of shear energy back into compressional energy in the water column. To approximate the loss due to shear conversion, an effective ice parameter model will be used that attenuates energy via volume attenuation. The parameter space for the ice acoustic parameters will be compressional speed (c p =1430-1530 m/s), attenuation (α=0-3.0 dB/λ) and a homogenous ice thickness (H=0-20m) added to the rough ice realization to increase the volume. The latter is unattractive due to the phenomenon of thinning of the arctic ice, but is necessary to provide enough volume to attenuate energy, particularly at low frequencies. A simple, brute-force, inversion is performed for the ice acoustic parameters. Data for the inversion will be one-third octave explosive shot TL measurements centered at 40, 50 and 200 Hz taken by Diachok (Diachok, 1976) out to ranges of 300 km. Two sites were used for the measurements, one in the First-Year (FY) ice of the Beaufort Sea and the other in the Multi-Year (MY) ice of the Central Arctic. Propagation between the two is significantly different and the inversion will be performed for each separately.
The sea ice realization is computed as a random realization taken from an ice-thickness probability density function (pdf). The pdfs used for this inversion are taken from Wadhams et al (Wadhams et al., 2011) The cost function used to determine the optimal ice properties is the frequency averaged root-mean-square-error (rmse) between the measured and modeled one-third octave Transmission Loss (TL):
The global minimum for the 3-parameter search is used as the ice acoustic parameter model for the propagation model. The acoustic parameters for the Central Arctic are c p =1430 m/s, α=2.4 dB/λ, and H=13m. The compressional speed is nearly perfectly matched to the sound speed to provide the largest transmission of sound into the ice, increasing the loss of energy from the water column via volume attenuation. For the Beaufort Sea, which is much less attenuative, the minimum rmse parameters are c p =1490 m/s, α=0.8 dB/λ, and H=17m. The thickness requirements are basically one half wavelength at the lower frequencies (40 and 50 Hz). If the inversion is done with only the 200 Hz TL value, an ice-thickness layer of 3m (half-wavelength) suffices. The comparison of the Transmission Loss for 40, 50 and 200 Hz one-third octave bands for the two sites is shown in Fig. 2 . For the higher frequencies mode 1 barely survives and mode 2 and mostly 3 are fully stripped. The deep diving, high-angle rays do survive and are identifiable at 150 Hz, possibly at 300 Hz. At 750 Hz, there are no longer surviving identifiable ray arrivals and acoustic tomography or ACOMMS would be impossible.
CONCLUSION
A modern Parabolic Equation, PEREGRINE, has been presented which includes a rough ice cover on top of a rangedependent ocean environment. The high-angle PE handles the ice roughness at both the water-ice interface and the air-ice interface via range-dependent scattering. Increasing the attenuation and thickness of the ice acoustic parameters such that Transmission Loss measurements from 1976 are reproduced approximates the energy loss due to shear conversion. This model provides efficient computation of the waterborne acoustic energy at high frequencies and long ranges in range-dependent environments. The one dissatisfying result is the need to add 13-15 m (half a wavelength at 50 Hz) to the ice thickness in order to provide enough volume attenuation to replicate the shear loss. This is a philosophical difficulty as the arctic ice is thinning and the artificiality of this approximation is more evident. This large thick layer is not necessary at higher frequencies. It also demonstrates how important shear conversion is for computing the Transmission Loss. The model does match the TL across multiple frequencies and does produce impulse responses that match our intuition for ray-path stability and scattered field. The next steps are to compare the model with at-sea measurements and with standard benchmarked codes for simple range-independent environments.
